Goats, both in late pregnancy and soon after parturition, were inoculated intravenously with Brucella abortus, and mammary glands and supramammary lymph nodes were examined by light and electron microscopy at 2 to 5 5 days post-inoculation. After 7 days, lymphoplasmacytic, histiocytic interstitial mastitis with a lobular and periductal distribution were detected microscopically. Brucellae, identified in tissues with immunoperoxidase staining and antibody-coated colloidal gold stain, were first seen in macrophages and neutrophils throughout mammary parenchyma, but most commonly in mammary alveoli. In subsequent samples, infected phagocytes progressively increased in number, especially in ductal and alveolar lumina, and adjacent parenchyma. B. abortus was in phagosomes and phagolysosomes in macrophages and neutrophils; degenerate and necrotic phagocytes were often filled with brucellae. Extracellular brucellae were associated with ruptured necrotic infected phagocytes. Supramammary lymph nodes draining infected mammary glands were enlarged. Lymphofollicular hyperplasia, medullary plasmacytosis, and sinus histiocytosis were seen microscopically. Brucellae were seen exclusively in macrophages, which were most often located in subcapsular and cortical sinuses. This study suggests that phagocytic leukocytes 1) transport brucellae into mammary glands; 2) provide a site for intracellular replication in mammary secretions; and 3) transport brucellae from mammary glands to supramammary lymph nodes.
Brucella abortus is a gram-negative, facultative-intracellular bacterium capable of surviving and replicating in phagocytic leukocytes and epithelial ce11s.3,6~28~29 In ruminants, it has a marked affinity for lymphoid and reproductive organs. Brucellae replicate to high numbers in the gravid uterus2 and also infect the udder and lymph nodes of the inguinal and head regions, respectively. In nonpregnant and persistently infected cows, the udder and supramammary lymph node are the most common sites for localization.1nJ2,20 Infected mammae intermittently or continuously excrete brucellae into the milk throughout lactation. 24 Clinical findings are typically limited to decreased milk production and increased numbers of leukocytes in the milk."J6 Gross lesions are not detectable in the mammae,l'.30 but supramammary lymph nodes may be enlarged.
Mammary glands and supramammary lymph nodes in the cow are initially infected by hematogenous distribution of b r u~e l l a e .~~ Following natural exposure of the host either by ingestion or mucosal contact with infected material, brucellae penetrate mucosal surfaces and are transported to regional lymph nodes where they replicate in susceptible animals. During subsequent bacteremia, brucellae are disseminated to peripheral target tissues. Organisms circulate in the blood in macrophages, in neutrophils, and free in the plasma. 6 Brucella infection causes a lymphoplasmacytic and histiocytic interstitial mastitis, lymphofollicular proliferation, medullary plasmacytosis, and sinus histiocytosis in lymph n~d e~.~~J~,~~,~~,~ In the mammary gland, inflammatory foci involve several alveoli or entire lobules. I I Mononuclear and polymorphonuclear leukocytes are in alveoli and may be numerous in markedly affected lobules." Dense accumulations of lymphocytes along ducts and in lobules displace alveoli and occasionally form lymphoid follicles.LL,30 Chronically infected lobules have thickened intralobular septa with increased collagenous stroma and small, atrophic a l v e 0 1 i .~~~~~ The low concentrations of B. abortus in mammary glands and suprammary lymph nodes limit histologic detection of organisms; immunoperoxidasestained brucellae have rarely been seen in macrophages in mammary glands and lymph nodes of goats experimentally infected with B. abortus. 22 The objectives of this study were to 1) characterize the histologic changes in mammary glands and supramammary lymph nodes in goats infected near parturition; 2) identify cells and sites infected with brucellae in the mammary gland with immune labeling and staining techniques; and 3) identify the location of brucellae in the supramammary lymph node. Pregnant and post-partum goats were used because they respond to B. abortus in a manner similar to that of cows, and they are a good model for studies of the pathogenesis of bovine b r u c e l l o~i s .~~~~.~~
Materials and Methods
Twenty-two pregnant, mixed-breed goats were divided into three groups: goats infected with B. abortus 0 to 2 days postpartum (five goats); goats infected approximately 2 to 4 weeks prepartum (1 1 goats); and non-exposed goats (six goats). All goats were free of clinically detectable disease at the time of inoculation. Anti-Brucella antibodies, as measured by the card, standard tube agglutination, and rivanol plate were not detected in any goat prior to use in this study. Animals were separated and confined by group in isolation rooms (two to three goats/room) within the same building.
One ml ofB. abortus strain 2308 suspended in 0.85% NaCl solution was given into the jugular vein. The dose of B. abortus was 1.0 x lo9 or 1.0 x 1O1O colony-forming units/ goat.
Prior to sample collection, goats were anesthetized with 2-4 mg/kg body weight of ketamine hydrochloride (Ketaset, Bristol Laboratories, Syracuse, N Y ) and 0.1 mg/kg body weight of xylazine (Rompun, Haver-Lockhart, Shawnee, KS) injected intravenously. The following samples were collected for bacteriologic examination: undiluted mammary secretions from each gland; a section (approximately 1 x 2 x 2 cm) of mammary gland from the caudal base of each gland; and supramammary lymph node, uterus, and medial iliac and medial retropharyngeal lymph nodes. Additional mammary secretions were collected for cytologic examination. If necessary to obtain sufficient quantities of cells for cytologic examination, 10-15 ml of 37 C, 0.85% NaCl solution was infused into the teat canal and then withdrawn. Mammary glands were fixed by perfusion via either the caudal aorta or the external pudendal artery. Arteries were flushed with 0.5 to 1.0 liter of heparinized 0.85% NaCl solution. Goats were then killed with intravenous sodium pentobarbital, and mammary glands perfused with intraarterial administration of 1.25% glutaraldehyde and 1 .Oo/o paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4).
Tissues for light and transmission electron microscopic (TEM) examination were collected from each mammary gland. Cross sections (0.3 cm thick) of the entire gland were taken from dorsal, middle, and ventral mammary gland. From each cross section, 1 x 1 cm blocks of tissue were removed from the lateral, central, and medial areas for light microscopic examination. Samples for TEM examination were collected from tissue adjacent to light microscopic specimen sites. Cross sections were taken from each teat for light microscopic examination. Supramammary lymph nodes were sectioned for light microscopic examination, and samples were collected from subcapsular, cortical, and medullary areas for TEM examination.
Tissues for light microscopic examination were stored in 10% neutral buffered formalin. Tissues were processed by routine paraffin embedding techniques and sectioned at 4-6 pm. All sections were stained with hematoxylin and eosin.
Selected tissues from each animal were stained with Brown and Hoppes modified Gram stain, Gomori's methanamine silver, Oil-Red-0, and Giemsa stains. 32 Cells were collected from mammary secretions and processed. 19 Sedimented cells were suspended in 0.25-0.5 ml liquid agar at 60 C, cooled to solidification, and processed for electron and light microscopic examination.
Immunoenzymatic staining of brucellar antigen in tissues for light microscopic examination was done using an avidinbiotin-peroxidase complex technique with 3,3-diaminobenzidine as the chr~mogen.~' Primary anti-Brucella antibody was prepared by intravenous inoculation of whole-cell, heatkilled, B. abortus strain 2308 organisms into a rabbit. Normal rabbit serum was used as a negative control for the primary antibody. Tissues containing bacterial organisms of species other than Brucella were stained with the same immunoperoxidase procedure and reagents to serve as a specificity control for the primary anti-Brucella antibody. Actinomyces pyogenes, Escherichia coli, Pasteurella haemolytica, Actinobacillus equuli, Bacillus spp., and Streptococcus spp. did not stain.
Keratin was specifically stained with an avidin-biotin-peroxidase complex technique17 to identify mammary epithelial and myoepithelial cells in order to characterize changes in mammary epithelium and identify cells in mammary secretions. Rabbit, polyclonal, anti-human, cytokeratin antibody (Dako Corporation, Santa Barbara, CA) and biotinylated, goat, anti-rabbit antibody (Vectastain ABC kit, Vector Laboratories, Burlingame, CA) were used as the primary and secondary antibody respectively. Hydrogen peroxide-3-amino-9-ethylcarbazol solution was used as the chromogen-substrate, forming an alcohol-soluble, red-colored end product at the enzyme-antigen localization site.
Mast cell numberdsq. mm of mammary gland interstitium were determined with light microscopy. Mast cells were counted in randomly selected areas of mammary gland, and the area of interstitium was estimated by counting grid points superimposed over interstitial space and by determining the percentage of interstitium in the Five fields in each of two tissue sections were examined for each mammary gland.
The degree of lymphofollicular hyperplasia of lymph nodes was rated as follows: none = lymphoid follicles contained few to no germinal centers; mild = several follicles contained germinal centers that were small and uniform in size; moderate = follicles were enlarged and many contained large, germinal centers; and marked = follicles contained large, variably-shaped germinal centers that lined nearly the entire subcapsular and perisinusoidal cortex.
Mammary gland tissues, lymph nodes, and pelleted milk cells were processed for TEM examination. Ultrathin sections were cut, stained with uranyl acetate and lead citrate, and examined by electron microscopy. Three specimens were examined from one supramammary lymph node of each goat. Between two and 11 mammary gland specimens from each goat were examined. Brucellae in TEM samples were specifically labeled with an immunogold technique utilizing anti-Brucella antibody coupled to 20 nm colloidal gold.4 Anti-Brucella antibody was a mouse, monoclonal, immunglobulin abortus strain 2308 organisms (prepared by Marshall Phillips, USDA, ARS, National Animal Disease Center, Ames, IA).
Brucella-selective medium (tryptose agar containing 5% bovine serum, ethyl violet, cyclohexamide, bacitracin, and polymyxin B) was used for Brucella isolation. Quantitative counts of Brucella colony-forming units were determined in mammary tissue, supramammary lymph nodes, and milk; qualitative (i.e., growth or no growth) evaluation was determined in medial iliac lymph nodes, retropharyngeal lymph nodes, and the uterus.21 Media were incubated at 37 C for 4 days and examined for bacterial growth. Brucella colonies were identified by morphologic and growth characteristics and organism agglutination with Brucella-specific antiserum.
Results
Of the 1 1 goats inoculated while pregnant, four goats (Nos. 6-9) were necropsied prior to parturition and seven (Nos. 10-16) were necropsied after parturition; six goats had delivered dead fetuses, and one goat had delivered a live, full-term kid. No other clinical signs were observed among inoculated and control goats. Infected goats were necropsied between 2 and 55 days post-inoculation (Table 1 ). Control goats were necropsied at 14 days prepartum, and 0, 7, 12, 32, and 55 days post-partum.
Bacterial isolation
Brucellae were isolated at necropsy from every goat that had been inoculated. Numbers of isolations from samples collected from 16 inoculated goats were as follows: 15 supramammary lymph nodes, 11 mammae, nine mammary secretions, 15 retropharyngeal lymph nodes, 15 internal iliac lymph nodes, and 13 uteri ( Table 2) . Concentrations of brucellae were as high as 1.4 x l O7 colony-forming units (CFU)/g mammary gland tissue, 6.0 x lo5 CFU/g supramammary lymph node, and 3.0 x lo8 CFU/ml mammary secretion. Brucellae were not isolated from any control goat.
Necropsy examination
Gross lesions were not found in mammary glands of Brucella-infected goats; supramammary and medial iliac lymph nodes in Brucella-infected goats were enlarged. Uterine lumina of infected goats that had aborted or given birth prior to necropsy contained brown, milky exudate that varied in quantity from scant to 50 ml. Noninvoluted caruncular surfaces were pale yellow and caseous. Goat No. 9, necropsied prior to parturition at day 15 after exposure, had intercotyledonary brown, thick exudate, and thick, edematous chorioallantoic membranes. 
Histologic findings
Mammary gland. Inflammatory changes were similar in goats infected prior to and after parturition. Lesions were most prominent in mammae that yielded high numbers of B. abortus by bacterial isolation; however, changes were not seen in all mammae from which brucellae were isolated. Lesion severity often varied among lobules within the same gland and between right and left mammary glands in the same udder. Mast cells were diffusely distributed throughout the interstitium, but were primarily in penvascular spaces; their numbers varied among infected goats, but did not differ significantly from controls. Brucella-infected goats contained 41.0 f 36.8 (mean f SD) mast cellshq. mm mammary interstitium, compared with 35.7 k 15.1 mast cellshq. mm mammary interstitium in control goats.
Infected mammae had lymphoplasmacytic and histiocytic, lobular and periductal, interstitial mastitis. Affected lobules had macrophages, lymphocytes, and neutrophils in alveolar and ductal lumina, and many mammae had lymphoid follicles in periductal stroma. At 7 to 15 days after infection, the intralobular interstitium and alveolar epithelium in affected lobules were diffusely infiltrated with lymphocytes and macrophages ( Fig. 1 ). As the duration of infection increased, there were progressive increases in numbers of plasmacytes and multifocally prominent accumulations of lymphocytes and macrophages in interstitium of subsequent samples. Adjacent to interstitial leukocytic foci, alveoli contained several leukocytes. Dense lymphocytic aggregations markedly expanded the intralobular septa and infiltrated and displaced alveoli in chronically infected glands (Fig. 2 ). Individual and small foci of neutrophils and eosinophils were randomly distributed in mammary gland interstitium, alveoli, and ducts. Neutrophils were more prominent in glands containing high numbers of brucellae. Alveoli in affected lobules progressively decreased in size; alveolar epithelial cells were smaller and stained more intensely for keratin as compared with noninfected, lactating glands, and alveolar lumina that were smaller. The intra-and interlobular connective tissue septa increased in thickness.
Inflammatory changes in ducts were seen coincidental with lobular changes. Duct epithelium and periductal stroma were infiltrated with lymphocytes, macrophages, lesser numbers of plasmacytes and neutrophils, and few eosinophils. Ducts in markedly affected lobules occasionally were filled with macrophages with abundant foamy cytoplasm, fewer neutrophils and lymphocytes, and cell debris (Fig. 3) . Fibroblasts and collagenous stroma progressively increased around interlobular ducts. Segments of ducts were lined by flattened and hyperplastic epithelium in eight subacutely and chronically infected goats. There was multifocal duct epithelial squamous metaplasia and hyperplasia in mammary glands of two goats; erosion of duct epithelium often accompanied sites of squamous metaplasia. The cytoplasm of flattened and squamous epithelial cells stained uniformly and intensely for keratin.
Lymphocytic foci and follicles were more numerous around interlobular than intralobular ducts. Lymphoid follicles containing germinal centers were in mammae of seven infected goats. These were seen in one goat at 4 days after infection but were especially prominent in chronically infected mammary glands. The lymphocytic corona of germinal centers were frequently crescent-shaped with the crescent oriented toward the duct. The duct epithelium adjacent to lymphoid follicles was often flattened, hyperplastic, and infiltrated with macrophages and lymphocytes. Lymphocytic foci and follicles were in mammary glands of two control goats; these were less prominent than those in infected goats.
Teats. Changes in the cistern occurred with the same frequency as mammary duct lesions and were similar to those in interlobular ducts, e.g., periductal lymphofollicular hyperplasia, multifocal infiltration of the epithelium and lamina propria with mononuclear leukocytes, and epithelial squamous metaplasia and hyperplasia.
Mammary secretions. Cells in mammary secretions
were primarily macrophages and lymphocytes; there were few neutrophils, and sloughed epithelial cells were rare. Keratinized, squamous epithelial cells were in samples collected from goats with squamous metaplasia of mammary duct epithelium. Macrophages were filled with lipid globules, amorphous globular protein, and pyknotic nuclear fragments. Gram-negative, 1 pm diameter, coccobacilli that morphologically resembled brucellae were in macrophages and neutrophils from mammary secretions of goats Nos. 5 and 14.
Supramammary lymph nodes. Lymph nodes from ten of 16 infected goats had moderate to marked lymphofollicular hyperplasia. Follicles containing germinal centers were present in the subcapsular cortex, adjacent to cortical sinuses, and, in eight goats, in the medullary region. Paracortical areas were expanded and had increased numbers of small lymphocytes. Medullary cords were thick and composed of plasmacytes and lymphocytes. In medullary cords of 11 goats, neutrophils and eosinophils formed loosely arranged foci mixed with myelocytes and metamyelocytes. Similar foci of myelopoietic cells were not seen in supramammary lymph nodes of control goats. Macrophages, lymphocytes, and fewer neutrophils often filled subcapsular, cortical, and medullary sinuses. Infrequent findings included histiocytic foci in cortical areas and germinal centers, necrotic cells in germinal centers, cortical lymphocytic depletion, and extramedullary erythropoiesis. Mast cells were numerous in the lymph node medulla of one goat. Immunoperoxidase staining of Brucella antigen (Figs.  4-7) . In the mammary gland, Brucella antigen was detected in eight of 16 infected goats and in none of six control goats (Table 1 ). Stained brucellar antigen was abundant in two goats (Nos. 5, 14) and sparse in six goats. Brucellae were in macrophages and neutrophils located in alveolar and ductal epithelium and lumens, periductal interstitium, intralobular septa, and lymphatic and vascular lumens. Scant quantities of extracellular brucellar antigen were also in alveolar and ductal lumens of chronically infected mammae containing high numbers of brucellae.
Initially in the infection, brucellae were rarely present and were seen only in phagocytic cells. Macrophages and neutrophils containing brucellar antigen were in the following sites in decreasing order of frequency: alveolar lumens, duct lumens, intralobular septa, and between alveolar epithelial cells ( Fig. 4) . As the duration of infection increased, infected macrophages, their cytoplasm often filled with brucellar antigen, and neutrophils were more numerous in mammary glands. Phagocytic cells containing intracytoplasmic brucellae were most numerous in ducts and alveoli (especially in lumens) and in progressively smaller numbers in penductal stroma adjacent to infected ducts, in intralobular septa, in lymphatics, and in blood vessels (Fig. 5) . In mammary glands of one goat (No. 5) , infected phagocytic cells filled many al-veoli and ducts; they were in lesser numbers in the adjacent parenchyma. Also, in this goat, brucellae were in the cytoplasm of squamous epithelial cells lining the segments of ducts (Fig. 6 ). Brucellar antigen was not identified within nonsquamous, mammary secretory epithelial cells of ducts and alveoli. Brucellar antigen was also associated with cell debris and lipid droplets in ductal and alveolar lumens.
In sedimented milk, brucellar antigen was in macrophages, neutrophils, and a few squamous epithelial cells.
Brucellar antigen was stained in macrophages in supramammary lymph nodes of five goats with infected mammary glands ( Table 1) . Cells containing antigen were infrequent in these lymph nodes. Extracellular brucellar antigen was not seen. Brucella-containing macrophages were most common in the subcapsular and cortical sinuses but were also in supracapsular (afferent) lymphatics, medullary sinuses, and cortices ( Fig.  7) . Neutrophils containing brucellar antigen were rarely in vascular lumina.
Electron microscopic findings
Mammary gland, infected goats. In mammae of three goats, brucellae were in macrophages, neutrophils, and duct squamous epithelial cells. In immunogold-labeled samples, brucellar surfaces and membranous and amorphous structures within phagolysosomes were labeled by gold particles. Phagocytic cells containing brucellae and brucellar antigens were most frequently seen in mammary secretions in alveoli and ducts and in fewer numbers in the epithelium and interstitium.
Intact, degenerate, and degraded brucellae were in phagosomes, phagolysosomes, and residual bodies of macrophages and neutrophils (Figs. 8, 9 ). Degenerate organisms had electron-dense, clumped cytoplasm, expanded periplasmic spaces, and discontinuous and detached cell walls. In phagolysosomes, brucellae were often mixed with lipid, membranous structures, protein, and electron-dense debris. Organisms were also in membrane-bound vesicles devoid of additional electron-dense material.
Infected macrophages and neutrophils were often degenerate and necrotic. Many phagocytes were filled with brucellae. Most extracellular brucellae were associated with degenerate and necrotic infected phagocytes, many of which had ruptured cytoplasmic membranes. Noninfected phagocytic cells in alveolar and duct lumens contained numerous intracytoplasmic phagolysosomes and were often devoid of primary lysosomes. In the intralobular septa, macrophages had multiple phagolysosomes that contained lipid, fibrillar material, and electron-dense debris. Brucellae in squamous epithelial cells (seen in goat No. 5) were in large clusters in the cytoplasm or in membrane-bound vesicles filled with electron-dense material (Fig. 10) .
Epithelial cells that lined lumens of severely affected ducts were flattened; they had numerous keratin intermediate filaments, desmosomes, and irregular, interdigitating, cytoplasmic extensions that separated individual and nests of intraepithelial leukocytes. There were sites of detachment and sloughing of squamous epithelium from duct basement membranes in two goats.
Supramammary lymph nodes, infected goats. Brucellae and brucellar antigen were not detected by electron microscopic examination of immunogold and routinely stained supramammary lymph nodes. Large phagolysosomes filled with amorphous substances and lipids were in macrophages in the subcapsular sinus. Histiocytes and reticular cells in sinuses of reactive lymph nodes contained numerous lysosomes. In plasmacytes from the medullae of chronically infected lymph nodes, cisternae of the rough endoplasmic reticulum was often dilated. Myelocytic cells were seen in medullary cords.
Discussion
This study shows that phagocytic leukocytes play an important role in B. abortus infections of mammary glands and supramammary lymph nodes in goats. We believe that macrophages and, to a lesser extent, neutrophils 1) transport brucellae from the systemic circulation into mammary glands and milk; 2) provide a site for intracellular replication in alveoli and ducts; and 3) transport brucellae from infected mammae to supramammary lymph nodes (Fig. 11) .
In mammary glands, brucellae localize in phagocytes in ducts and alveoli. Since degenerate phagocytes were often filled with intact brucellae, and since extracellular brucellae were associated with ruptured phagocytes, it is likely that replication of organisms occurred within macrophages and neutrophils. There was no evidence that localization of brucellae in alveolar and duct secretory epithelial cells was significant in the pathogenesis of mammary gland infection; however, bacteria in low numbers may not be detected by immunoperoxidase stainingz3 or with electron microscopic examination, and, therefore, intraepithelial localization cannot be ruled out. The rarity of Brucella localization in metaplastic mammary ductal epithelial cells in this and other studies suggests that it is not an essential event for development of brucellar mastitis.zz Brucella abortus is probably carried from the bloodstream into the mammary gland inside phagocytic leukocytes. After inoculation, we first saw brucellae within phagocytes throughout the mammary gland. In these mammae, we saw neither brucellae in mammary epithelial cells nor extracellular brucellae in interstitium and alveoli; thus we believe that transportation by phagocytic cells was the primary mechanism by which brucellae entered mammary glands. In studies of intravenously-inoculated mice, brucellae were seen in the blood in neutrophils at 90 minutes post-inoculation and in monocytes at 5 days.6 Brucellae given intravenously in this study were most likely phagocytized by neutrophils and monocytes and then circulated in the blood. Infected leukocytes could carry brucellae from the bloodstream into tissues.
A mammary gland-lymphatic-supramammary lymph node pathway of infection was suggested by this study. In ruminant brucellosis, the presence of lymphatic drainage of infected tissues often determines the pattern of lymph node involvement; frequently, infected lymph nodes are associated with sites of entry and target organs.'oJ2,20~2L Brucella abortus is transported through the lymphatics in neutrophils and macrophages and free in the lymph.' Dissemination ofbrucellae from mammary glands to the supramammary lymph nodes primarily occurs in infected mammary macrophages migrating in the lymphatics (e.g., Brucella-infected macrophages were seen with light microscopy in afferent lymphatics and subcapsular sinuses of supramammary lymph nodes that drained infected mammary glands). Macrophages are capable of transporting substances to regional lymph nodes,15 and mammary macrophages carrying milk substances have been observed in supramammary lymph nodes.I8 Supramammary lymph nodes likely remain persistently infected in chronically infected cows due to lymphatic drainage of brucellae from infected udders.
Lymphofollicular hyperplasia, sinusoidal histiocytosis, and medullary plasmacytosis in these supramammary lymph nodes were similar to lesions described in cattle and goats from other ~t u d i e s .~~,~~ Granulopoietic activity, as evidenced by myelocytic and metamyelocytic cells in medullary cords, was a common finding in lymph nodes from infected goats in this study but is not typically reported in cattle. In mice, both B. abortus and Listeria monocytogenes (another facultative-intracellular bacterium) induce macrophages to release a colony-stimulating factor that acts on granulocytic and monocytic precursor^.^,^^ The protective advantage of this response is uncertain; stimulation of colony-forming cells resulting in increased hemopoietic cells in infected mouse spleens does not correlate with increased clearance of brucellae from the spleen or resolution of infection. 8 The combined abilities of Brucella and milk to interfere with phagocytic cell bactericidal mechanisms may explain how brucellae persist in mammary glands. There may be multiple mechanisms by which B. abortus survives in macrophages and neutrophils in vivo. In vitro studies have shown that B. abortus specifically inhibits degranulation and phagolysosome fusion in both macrophages and neutrophils5s7J3 and resists lysosomal digestion in macrophages isolated from bovine mammary glands.14 Killing of B. abortus by neutrophils is most dependent on products of the myeloperoxidase-H,O,-halide system. Lysosomes from bovine macrophages lack m y e l o p e r~x i d a s e~~ and, therefore, may be inefficient in brucellacidal activity. Milk may further decrease phagocytic cell brucellacidal activity; fat and casein ingestion causes degranulation and lysosomal depletion in n e u t r~p h i l s .~~,~~ Lysosomal depletion would eliminate the most effective brucellacidal mechanisms of the phagocyte. Survival and replication of brucellae in phagocytic cells in mammary glands (as compared with other tissues) suggest that the mammary environment may inhibit phagocyte function or that there is a subpopulation of functionally deficient phagocytes that preferentially enter the mammae.
The severity of mammary gland lesions in this study may be attributed to the high numbers of brucellae and the route of administration used to infect goats. Characteristics of the inflammatory response were compatible with brucellosis; however, marked leukocytic infiltration of ducts and duct segmental squamous metaplasia and epithelial erosion are not always associated with Brucella-induced mastitis in cattle or g0ats.l 1~16,22,27,30,33 Prominent inflammatory changes in ducts may be expected since this was the site of brucellar localization in chronically infected mammae.
Some of the lesions in this study may not have been caused by B. abortus. Lymphofollicular proliferation in periductal interstitium of mammary glands was present in control goats and as early as 4 days after infection but was less severe than in chronically infected goats. Lymphoid follicles present soon after infection and in control goats are likely due to prior antigenic stimulation from another agent, e.g., lymphocytic mastitis occurs in lentivirus-infected goats9 Antibody titers to lentiviruses were not determined in goats used in this study.
While goats are not the natural host for B. abortus, we believe that the findings in this study can be applied to B. abortus in cattle. Evaluation of clinical, immunological, and pathologic responses in both conjunctivally and intravenously inoculated goats with a bovine pathogenic strain of B. abortus shows a host response nearly identical to that in pregnant cows.3,21*22 In pregnant goats, as in cattle, brucellae localize in uterine, mammary, lymphoid, placental, and fetal tissues.10J2,20*2L Lesions in these tissues are similar in both host species. 22 In goats in this study, B. abortus localization and replication in macrophages and neutrophils is a key event in the pathogenesis of mammary gland infection. Lack of similar studies in cows prevents direct comparison of our findings with those in cattle. Our proposed sequence of mammary gland infection is consistent, however, with the current understanding of the pathogenesis of bovine brucellosis.
